The transmission/disequilibrium test (TDT) is a popular method for detection of the genetic basis of a disease. Investigators planning such studies require computation of sample size and power, allowing for a general genetic model. Here, a rigorous method is presented for obtaining the power approximations of the TDT for samples consisting of families with either a single affected child or affected sib pairs. Power calculations based on simulation show that these approximations are quite precise. By this method, it is also shown that a previously published power approximation of the TDT is erroneous.
Introduction
Whereas linkage analysis has been successfully used to localize genes that cause monogenic diseases, this method was less successful in the detection of genetic factors for complex diseases such as asthma and psychiatric disorders. Therefore, it has been argued (Lander 1996; Risch and Merikangas 1996) that the future of the genetics of complex diseases will require large-scale testing by association analysis. Risch and Merikangas (1996) compared the mean test of affected-sib-pair (ASP) linkage analysis (Blackwelder and Elston 1985) with the transmission/disequilibrium test (TDT; Spielman et al. 1993) , with respect to the power of these methods to detect genes of modest effect. In their work, they assumed a multiplicative relationship for the genotypic relative risk and calculated sample sizes required to obtain a prescribed power under this mode of inheritance (MOI). Recently, Camp (1997) tried to extend these sample-size calculations to general MOIs. Her approach for approximating the power of the TDT, however, is technically inadequate, and, therefore, the sample sizes obtained by Camp (1997) are misleading. The purpose of the present paper is to derive two valid approximations for the power of the TDT for general MOIs. It will be shown that the second of these approximations coincides with the approach of Risch and Merikangas (1996) in case of a multiplicative MOI and nuclear families with a single affected child. Power calculations based on simulation reveal that the first approximation proposed in the present paper is even more precise. Therefore, this approximation can be useful not only to compare the TDT with ASP linkage analysis but also to illustrate the potential resolution of an intended association study, as will be shown by a real-data example.
Throughout this paper, the "classic" TDT situation is considered, which is characterized by (i) a biallelic marker locus, (ii) a qualitative trait (disease), and (iii) the availability of both parents. A recent overview by Schaid (1998) has discussed several extensions of the TDT.
Methods

A General Approach for Power Approximations for the TDT
This section presents a rigorous derivation of two different general approximations for the power of the TDT, which will then be applied, in the next section, both to nuclear families with a single affected child and to families with two affected children. The TDT can be described in the following way: The marker genotypes of the parents together with the marker genotype(s) of the child (children) constitute the type of the family. Clearly, the number of possible types of families depends on the ascertainment scheme. Assume that there are ( ) difk ϩ 1 ferent types of families. For , let s j denote 1 р j р k ϩ 1 the probability that a family is of type j. These probabilities depend on the genetic model. For example, in the case of nuclear families each with a single affected child, s j may be calculated for a specified allele frequency p of the putative disease allele A, relative risks W 1 and W 2 (with W i denoting the relative risk of an individual carrying i A alleles, compared with that of an individual carrying none), and the additional assumption of Hardy-Weinberg equilibrium in the parental generation. Let Z jn be the random variable that denotes the number of families of type j in a sample of size n. 
Then, the test statistic of the TDT is .
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and it follows, from Rao (1973, p. 387) , that the asymptotic distribution of
is normal with mean 0 and variance
Thus, the distribution of X n can be approximated by a normal distribution with mean
(1) Power of the TDT ϭ P(
with Z being a standard normal-distributed random variable.
The TDT is usually performed as a two-sided test of the null hypothesis of no linkage-that is, H 0 is rejected if there is excess transmission of either allele A or allele B. Risch and Merikangas (1996) , however, consider a one-sided version of the TDT-that is, H 0 is rejected only if allele A has been transmitted more often than allele B. The power of this one-sided TDT is approximated as
If allele A is positively associated with the disease and a is small, then the power of the one-sided TDT with a type I error probability of a is very near the power of the two-sided TDT with a type I error of 2a.
It follows that the asymptotic distribution of
is normal, with mean 0 and variance * * * 2
Thus, the distribution of
, this normal approximation may be used for X n itself. 0 A second approximation of the power of the TDT is then obtained by replacing j A1 by j A2 in approximations (8) and (9); that is,
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Singletons
In the case of nuclear families each with a single affected child, there are seven informative family types, which are listed in table 1, together with their corresponding probabilities (i.e., s j ) under the assumption of Hardy-Weinberg equilibrium in the parental generation. 
Now, formulas (13)- (17) can be used to calculate , m X n , and according to formulas (1), (7), and (10) and, 2 2 j j
A1 A2
finally, to obtain power approximations for the TDT, according to formulas (8), (9), (11), and (12). Note that
With formulas (13), (14), and (18), it can be seen that the second power approximation, formula (11), for the TDT with singletons is equivalent to the approach already described by Baur and Knapp (1997, p. 169) . Risch and Merikangas (1996) considered the special case of a multiplicative model-that is, and W ϭ g g Ϫ 1 e Ϫ e ϭ 2h 7 ,
with denoting the probability h: ϭ pq 7 (g ϩ 1)/(pg ϩ q) that a parent in a family with a single affected child is heterozygous for allele A. Therefore,
Comparison of formula (19) with note 6 in Risch and Merikangas's (1996) work reveals that their power approximation for singletons is identical to the second approximation, formula (12), for the one-sided TDT in the case of a multiplicative model.
Sib Pairs
The informative family types and corresponding probabilities for families each with an ASP are given in table 2. Again, Hardy-Weinberg equilibrium in the parental generation was assumed for derivation of s j . Additionally, it was assumed that disease occurrences in sib pairs are independent, conditional on their genotypes at the trait locus in question. When s j ,u j and v j from table 2 are inserted into formulas (2)- (6), elementary algebra shows that
For the special case of the multiplicative model considered by Risch and Merikangas, let
denote the probability that any given parent in a family with an ASP is heterozygous for allele A. Some tedious but elementary algebra shows that, for this kind of disease model, formulas (20)- (22) simplify to e ϩ e ϭ 4h ,
Now, comparison of formula (23) with note 6 in Risch and Merikangas's (1996) work shows that their power approximation for sib pairs is not identical to the second approximation, formula (12), for the one-sided TDT in the case of a multiplicative model. Since the second term on the right side of formula (23) is always 10 for g 1 , the variance used by Risch and Merikangas (1996) is 1 smaller than , so that their sample sizes necessary to 2 j A2 gain a prescribed power are smaller than the sample sizes calculated from the second approximation, formula (12).
Simulation Study
The precision of the proposed power approximation was checked by simulations. For these simulations, the same modes of inheritance (MOI) as were used by Camp (1997) were considered: (1) the multiplicative model (i.e., and ), (2) the additive model (i.e., , which would imply that , but, for
the sake of comparability, the present article paper adopts Camp's (1997) interpretation of additive MOI. For each combination of MOI, risk parameter g (with ), and population frequency p of allele A g {1.5,2,4} (with ), the sample sizes n necessary to p {.01,.1,.5,.8} gain 80% power for the two-sided TDT with a ϭ were calculated according to the power approxi-Ϫ7 10 mations (8) and (11). Next, 10 5 replicates of these sample sizes were generated. For each replicate, the TDT statistic was calculated, and the true power was estimated as the proportion of replicates being significant at . With 10 5 replicates, the standard error of Ϫ7 a ϭ 10 this power estimate is ≈.0013. Therefore, the first two digits of this estimate can be expected to be correct and should equal .80 in the case that power approximations (8) and (11) are very precise. Table 3 contains the results of the simulation for families each with a single affected child. The simulation reveals that the second approximation, formula (11), tends to underestimate the power of the TDT and, therefore, that it overestimates the sample size necessary to gain 80% power. This effect is most pronounced for . On the other hand, the simulated power for samg ϭ 4 ple sizes obtained by the first approximation, formula (8), matches very well with the expected value of .80. Comparison of the sample sizes given in table 3 with those given by Camp (1997, table 3) shows that the sample sizes calculated by Camp (1997) are much too low (up to a factor of 2) for and too large for p ! .5 . p 1 .5
Results
Singletons
Sib Pairs
The results of the simulation, for families each with an ASP, are presented in table 4. Again, the second approximation, formula (11), tends to overestimate the sample size necessary to gain 80% power, whereas the simulated power for sample sizes obtained by the first approximation, formula (8), agrees quite well with the expected power of .80. The sample sizes given by Camp (1997, Bellivier et al. (1998) have studied the association between bipolar I/II disorder and a biallelic polymorphism (A218C) of the tryptophan hydroxylase (TPH) gene, by means of a case-control study with 152 patients and 94 healthy control subjects. The frequency of the TPH A allele was .37 in their control group. The genotypic distributions for patients and controls were significantly different ( ). The odds ratio of bipolar disor-P ϭ .002 der was 3.96 for homozygous AA individuals and 1.96 for heterozygous AC individuals, compared with homozygous CC individuals. M. Rietschel (personal communication) tried to replicate this finding by means of a family-based controls-association study. For this purpose, a sample of 95 nuclear families each consisting of a single affected offspring with bipolar I disorder plus both parents was available. The first power approximation described in the present article was used to evaluate the potential resolution of this intended replication study ( ). The result is shown in figure 1 . The a ϭ .05 unbroken line in figure 1 connects points (W 1 ,W 2 ) , for which the power obtained with 95 nuclear families equals 90% under the assumption that the population frequency of allele A is .37. Thus, for points (W 1 ,W 2 ), which are above this unbroken line, the power is 190%. The dotted line and the dashed-dotted line in figure 1 give the analogous result when population frequencies .42 and .32, respectively, are assumed. As can be seen from figure 1, the study by Rietschel et al. would detect an allele-A effect, of the magnitude described by Bellivier et al. (1998) , with 190% power, given that the population frequency of allele A is .32-.42.
Discussion
The present article has applied standard statistical large-sample theory to approximate the power of the TDT for a general MOI of disease; thereby, it corrects sample-size formulas given by Camp (1997) . Whereas it is always possible to estimate the power of the TDT against a specified alternative by simulations, the availability of a precise analytical power approximation is most useful for fast power calculations over a broad range of alternatives. For example, it would have been quite difficult and time-consuming to obtain, solely by means of simulations, the information presented in figure 1. Therefore, the availability of an accurate power approximation for the TDT will be valuable for the planning of a linkage and association study.
